It has been argu .ed that perception of stop consonant voicing contrasts is based on auditory mechanisms responsible for the resolution of temporal order. As one source of evidence, category boundaries for nonspeech stimuli whose components vary in relative onset time are reasonably close to the labeling boundary for a labial stop voiced-voiceless continuum. However, voicing boundaries change considerably when the onset frequency of the first formant ( F 1) is varied--either directly or as a side effect of a change in F 1 transition duration. Stimuli consisted of a midfrequency sinusoid that was initiated 0-50 ms prior to the onset of a low-frequency sinusold. Results showed that the labeling boundary for relative onset time increased for longer durations of a low-frequency tone sweep. This effect is analogous to the F 1 transition duration effect with synthetic speech. Further, the discrimination of differences in relative onset time was poorer for stimuli with longer frequency sweeps. However, unlike synthetic speech, there were no systematic effects when the frequency of a transitionless lower sinusoid was varied. These findings are discussed in relation to the potential contributions of auditory mechanisms and speech-specific processes in the perception of the voicing contrast.
INTRODUCTION
The voicing distinction in English st6ps appears, on the surface at least, to be one of the more straightforward contrasts to describe in articulatory, acoustic, and perceptual terms. However, despite the considerable amount of research that has been directed toward the study of this contrast, a number of basic issues remain to be resolved. In production, the stop voicing contrast involves varying the timing of voicing onset relative to the release of the supra- Given the prominent temporal component to the voicing contrast in initial stops, it seems reasonable to ask whether the perception of this distinction might be related to auditory mechanisms responsible for the resolution of temporal order. There is, in fact, some evidence that labeling boundaries for VOT continua are reasonably close to psychophysical boundaries involving judgment of the temporal order of two acoustic events. For example, Hirsh (1959} presented subjects with 500-ms stimuli consisting of two coterminous sintisoids differing in frequency. The relative onset time of the two pure-tone components was varied between --60 ms (low tone leading by 60 ms} and -t-60 ms {low tone lagging by 60 ms). Although not specifically designed to model VOT stimuli, the two-tone patterns between 0 and + 60 ms are roughly analogous to variations in the F 1 cutback component of the VOT dimension. Hirsh found that a stimulus onset asynchrony of 15 to 20 ms was required for subjects to judge accurately (75% correctl which of the two tones came first. The minimum onset asynchrony did not change appreciably across a wide range of pure-tone frequency pairs (250-300, 250-1200, 250-4500, 1000-1200, 1000-4500}. This 15-20-ms value is only a little smaller than the 25-ms boundary (50%' crossover} that Abramson and Lisker (1970} found for a/ba/-/pa/continuum. However, the value reported by Hirsh is quite different from the 35-ms boundary that Abramson and Lisker reported for a/da/-/ta/continuum and the 42-ms boundary for a/ga/-/ka/ continuum. A similar study by Pisoni (1977} tested subjects on stimuli consisting ofa 500-Hz pure tone representing F 1 and a 1500-Hz pure tone representing F2. Relative onset times were varied between --50 and -I-50 ms. Subjects were asked to label these "tone onset time" or "TOT" stimuli as having one event at onset or two events at onset. Pisoni Results from the nonspeech experiments involving judgments of temporal order by relatively untrained listenera are surprisingly easy to summarize. With a variety of stimulus types, a 15-to 20-ms difference in onset time seems to be required for accurate judgments of temporal order or, in the case of Stevens and Klatt's (19741 task, to detect the presence of a silent gap. Given the approximate correspondence between ¾OT category boundaries and category boundaries for nonspeech analogs, it is possible to propose a single auditory process that could account for both the speech and nonspeech data. Pisoni (1977) , for example, has argued that the locations of category boundaries for ¾OT, TOT, and noise-buzz stimuli "...reflect a basic limitation on the ability to process temporal-order information" (p. 1360). For all of these stimuli, the psychophysical task can be viewed as judging the onset of one acoustic event relative to the onset of another. Category boundaries in the vicinity of 15 to 20 ms might be related to a difference limen for the judgment of temporal order.
One potential problem with this hypothesis is that rOT boundaries can be changed systematically by introducing variations in stimulus dimensions other than relative onset time. For example, VOT boundaries occur at longer relative onset times when: (1) the duration of the first-formant transition is increased (Stevens and Klatt, 1974; Lisker, 1975 (Repp, 1979} , and (4) the fundamental frequency at voicing onset is increased (Haggard et al., 1970 (Haggard et al., , 1981 Massaro and Cohen, 1976) . IfVOT boundaries are, in fact, related to a tineshold for temporal order, it should be possible to demonstrate the effects listed above using nonspeech analogs, e-g., either noise-buzz or TOT stimuli. This report will focus on the first two of these effects: the tendency for VOT boundaries to take on larger values as the duration of the first-formant transition is increased and, related to this, the tendency for VOT boundaries to take on larger values as the onset frequency of the first formant is There are two very different ways to view the influence off I onset frequency on grOT boundaries. The view taken by Summerfield and Haggard (1977) suggests that relative onset time (the "separation cue" in their terminology) and F 1 onset frequency are independent cues, each of which contributes to the subject's _voiced-voiceless decision. These two cues, and perhaps others, are weighted in some fashion and combine in a "trading relation" similar to others that have been discussed in speech perception (Repp, 1982) . The irdluence of F 1 onset frequency might be acquired as a result of experience in listening to speech, since low F 1 onset frequencies are generally associated with short-lag grOT values, and relatively high F 1 onset frequencies are typically associated with long-lag VOT values. An alternate possibility is that relative timing is the only relevant cue to the voiced-voice--less contrast, but that the perception of relative onset time is influenced by other parameters, such as F 1 onset frequency. In other words, it is possible that, for as yet undetermined reasons, judgments of simultaneity versus successivity are poorer for stimuli with low-frequency first formants. Ac- cording to this hypothesis• the sole cue to voicing is the "separation cue" and the influence off I onset frequency is best described as a parameter dependency rather than a trading relation between two separate cues.
The "parameter dependency" argument essentially suggests that the F 1 onset frequency effect has a relatively straightforward auditory basis. If this is true, it should be possible to produce an analogous effect with nonspeech sounds. On the other hand, if the effect is the result of a speech-specific trading relation between VOT and F 1 onset frequency, there is no reason to expect an analogous effect with nonspeech stimuli. A recent study by Summerfield (1982} tested the effects of frequency variations on category boundaries for a synthetic VOT continuum and for two nonspeech analogs of VOT. One of the nonspeech analogs was a ' TOT continuum similar to the one used by Pisoni (1977) The stimuli were similar to the TOT series used by Pisoni (1977) , except that frequency sweeps were introduced to represent formant transitions. Experiment I examined subjects' labeling ofstimuli varying in relative onset time as a function ofthe duration of the frequency sweep in the sinusoid representing F 1. Experiment 2 tested subjects on the same kinds of stimuli but used an ABX discrimination procedure. Experiments 3 and 4 were designed, as was Summerfield's (1982) study, to examine an analog of the F 1 onset frequency effect reported by Lisker (1975) and Summerfield and Haggard (1977) . The stimuli were similar to those used in experiments 1 and 2 except that there was no frequency movement in the lower tone. The parameter was the frequency of the lower tone. Experiment 3 tested subjects' labeling of the stimuli and experiment 4 tested discrimination of stimuli varying in relative onset time.
I. EXPERIMENT 1 A. Stimuli
The stimuli consisted of a midfrequency sinnsoid representing F 2 and a low-frequency sinuosid representing F 1. To simplify stimulus descriptions, the lower-case designations '•f I" and '•f2" will_ be used when referring to sinusoidal analogs of the first and second formants. The onset time offl relative to f2 was varied between 0 and + 50 ms in 10-ms steps. The mid-and low-frequency components were terminated simultaneously at 600 ms. Figure 2 shows the 0-and SO-ms endpoints of one of the three stimulus continua that was synthesized. The primary difference between these stimuli and those used by Hirsh (1959) mid-and low-frequency components were then summed to form a single stimulus. Each stimulus was processed by an intensity modification program which ensured that all stimuli were equal in overall rms intensity (Prell, 1981).
B. $ubj•ots and proo•dures
'Subjects were 30 Northwestern University students with no reported history of hearing or speech problems. Ten subjects were run in each of the three transition duration conditions. Subjects were told that they would hear "simple musical sounds" consisting 9f a high-pitch tone and a lowpitch tone. They were asked to judge whether the high-and low-pitch tones had simultaneous onsets or whether the high-pitch tone started first. Subjects were given training with feedback on the 0-and 50-ms endpoints in blocks of 120 trials. Training continued until performance was 90% or better on the endpoints. Twenty-four subjects met the training criterion in one block of 120 trials and the remaining six subjects required one additional block. With one exception, descriptions of the stimuli provided by subjects at the end of the session gave no indication that they heard the signals as speechlike. Subjects described the stimuli as sounding like "telephone tones," "electronic game sounds," "synthesizer music," "beeps and boops," "electric organ pitches," and other nonspeech sounds. One subject, however, described the stimuli as "sometimes like a note and sometimes like part of a syllable like 'd.'" II. EXPERIMENT 2 It would be possible to explain the findings of experiment 1, and the f' 1 transition duration effect produced with synthetic speech, by postulating that, for as yet undetermined reasons, the ability of the auditory system to resolve temporal order is poorer for stimuli with longer F 1 transitions. To gain more specific information about this hypothesis, a separate group of subjects was tested on the discrimination of small differences in relative onset time for TOT stimuli varying in F 1 transition duration. An ABX discrimination procedure was used to determine the minimum stimulus onset asynchrony necessary for subjects to detect the difference between simultaneous and nonsimultaneous onsets.
A. Stimuli
Three new TOT continua were synthesized that were virtually identical to the 25-, 50-, and 75-ms transition duration series used in experiment 1. The only difference was that between tone onset times of 0 and 20 ms the step size was 2 ms instead of 10 ms. All other details of stimulus generation were identical to those described for experiment 1. On the basis of these results, it appears as though temporal order resolution is better for stimuli with abrupt transitions. However, it is possible that what appears to be a temporal effect is actually due to the increased availability of spectral information for stimuli with abrupt transitions.
This i•ossibility will be explored in the General Discussion (Sec. V). ß IlL EXPERIMENT 3
The discrimination findings from experiment 2 are consi•tent with the idea that the threshold for temporal order is influenced by F 1 transition duration. Recall, however, that Lisker {1975) and Summerfield and Haggard (1977) have shown that the basis of the F 1 transition duration effect is spectral rather than temporal. In other words, stimuli with long F 1 transitions cross over at longer VOTs because the starting frequency of the first formant is relatively low. The purpose of experiment 3 was to determine if an analogous effect could be produced with TOT stimuli that did not have anfl transition. Stimuli were synthesized using the same procedures described for experiment 1. As in the previous experiments, the midfrequency sinusoid started at 1700 Hz and fell linearly over the first 50 ms to a steady-state frequency of 1240 Hz. There was no frequency movement in the lower tone. Three TOT continua were generated; the frequency of the lower tone was set at either 250, 450, or 750 scribed above, each subject was tested on all three frequency conditions. Subjects were tested on three separate days and each subject received a different ordering of the conditions.
As before, the identification task consisted of 120 trials of training on the 0-and 50-ms endpoints followed by 240 trials of identification testing (40 trials at each tone onset time}.
The general pattern of results was similar to that described above. Category boundaries were 26 ms at 250 Hz, 21 ms at 450 Hz, and 25 ms at 750 Hz. Again, there was no evidence for an inverse relation between the TOT category boundary and the frequency of the lower tone.
IV. EXPERIMENT 4
The labeling task in expe .riment 3 did not show the expected relationship betweenf I frequency and TOT category boundaries. Identification tasks, however, can be subject to considerable amounts of response bias. Since the ABX discrimination procedure is much less sensitive to response bias, three subjects were tested on their ability to discriminate TOT stimuli withfl frequencies of 250, 450, and 750 Hz. Two of the subjects, CL and JH (the author), had participated in the previous ABX task. A new set of stimuli was generated that was identical to that described for experiment 3 except that between 0 and 20 ms the step size was 2 ms instead of 10 ms. All other details concerning procedures and apparatus were identical to those described for the ABX technique used in experiment 2.
A. Results and discussion
Discrimination results from each subject, and pooled results for the group, are shown in Fig. 6 . According to the synthetic speech data, discrimination results ought to be poorest for the 250-Hz condition and best for the 750-Hz condition. There is no evidence for this pattern in the discrimination results. In fact, the pattern shown in the group data is exactly opposite: performance was best at 250 Hz and worst at 750 Hz. However, since each subject showed a different pattern of results, it is unclear how meaningful the group data are. The main conclusion to be drawn from the discrimination results is the failure to find any support for the idea that the discrimination of simultaneity-successivity contrasts becomes poorer as the frequency of the low component is decreased.
¾. GENERAL DISCUSSION
The results of these experiments are puzzling from several points of view. Experiments I and 2 appear to support an auditory account oftheF 1 transition duration effect on VOT boundaries while experiments 3 and 4 seem to argue against an auditory explanation of the F 1 onset frequency effect. Experiment I showed that, a.5 for VOT stimuli, category boundaries for TOT stimuli tend to occur at longer relative onset times as the duration of the frequency sweep in the lower component is increased. The discrimination results reported in experiment 2 appear to support the idea that the simultaneity-successivity threshold is poorer for stimuli with longer transitions in the low tone. These results would tend to support an auditory account of the F 1 transition duration effect for VOT stimuli. In addition, these findings suggest that the influence of F 1 transition duration is best described as a parameter dependency rather than a trade-off between two separate cues. In other words, experiments 1 and 2 make it appear as though relative onset time is the primary cue to VOT distinctions but that, for undetermined reasons, the resolution of temporal order is poorer for stimuli with longer frequency sweeps in the low-frequency and Summerfield (1982) .' These experiments suggest that the influence of F 1 onset frequency on VOT boundaries is best described as a trading relation between two separate cues. The failure to find an analog oftheF 1 onset frequency effect with nonspeech sounds would tend to support a phonetic account of this effect. As was discussed previously, it is possible that a low F 1 onset frequency biases subjects toward hearing a voiced stop because of a learned association between low F 1 onset frequencies and short lag VOT values. A learned effect of this type would obviously be speech-specific; there would be no reason to predict an analogous effect for nonspeech stimuli. Simon and Fourcin (1978) have presented cross-language developmental evidence that seems to support the idea that the role off 1 in voicing contrasts is acquired. Englishand French-speaking children were presented with synthetic stimuli varying in VOT. Some of the stimuli were synthesized with F 1 transitions and some were synthesized with fiat first formants. The results led Simon and Fourcin to conclude that, "English children learn to make use of the F 1 transition feature around five years, whereas French children never use it as a voicing cue" {p. 925). On the assumption that the role off I in voicing contrasts is acquired, these findings would be quite sensible. Since French makes a distinction between prevoiced stops and voiceless unaspirated stops, a low F 1 onset frequency would be associated with both voicing categories. If sensitivity to the contour off I is acquired, there should be evidence of development in the English but not the French children. There are, however, several reasons for caution regarding the conclusions drawn by Simon and Fourein. First, close inspection of their data for the English children shows that a transitionless F 1 reduced the probability of voiced responses at all ages except two and perhaps three years. At these ages, the children were quite inconsistent in their responses to all of the stimuli. Second, the two-year-old English children were tested on a labial contrast ("ball"-"Paul"} while the older children were tested on a velar contrast ("goat"-"coat"). Last, and perhaps most serious, the French children were tested on yet a third contrast: an alveolar place of articulation with a voicing opposition in two stops {"dodo"-"Toto"). The VOT range for this contrast was --30to + 30insteadof the --10to + 60 (fo/-/p/) and 0 to + 70 (/g/-/k/} VOT ranges used with the English children. It is obviously very difficult to separate perceptual-learning effects from those that might be duc to differences in the stimuli or to differences in the attentional abilities of the children at different ages.
These interpretive difficulties aside, it might be instructive to assume for the moment that the F 1 onset frequency effect is, in fact, a speech-specific acquired phenomenon. On this assumption, a problem that remains is to reconcile the failure to find a nonspeech analog of the F 1 onset frequency effect with the data from experiments 1 and 2 showing rather strong evidence for an analog of the F 1 transition duration effect. One possible explanation of the discrimination data is based on the fact that differences infl onset frequency accompany differences in TOT only for the stimuli with transitions ih the lower sinusoid. 2 For stimuli withf 1 transitions, tokens with longer TOTs will also have higherfl onset frequencies. Further, for any difference in TOT, the difference in f I onset frequency will be larger for stimuli with short transitions. For example, comparing 0-vs 10-ms TOT stimuli would show a 208-Hz difference inf I onset frequency in the 25-ms series but only a 69-Hz difference in the 75-ms series. Assuming that subjects use both spectral and temporal information in the discrimination task, pairs of stimuli with a given difference in TOT ought to be more discriminable at shorterf 1 transitions. Findings from a recent study of voice onset time discrimination by SOli (1983) are consistent with this interpretation. SOli found that the discrimination of voice onset time differences was most accurate in the region of the Abramson and Lisker (1970} VOT continuum in which relative onset time and F 1 onset frequency covary. 3
Although this explanation seems to apply rathe? well to the discrimination data, it is still not clear how the labeling data should be interpreted. If the onset frequency of the lower component does not independently affect temporal order resolution, then why do both TOT and VOT boundaries increase with longer transition durations? And why do VOT boundaries take on larger values as the frequency of a transitionless F 1 is lowered, while an analogous effect is not seen for TOT stimuli? It might be possible to explain these findings by first assuming that the effect off 1 onset frequency on VOT boundaries is the result of a learned association between short-lag VOTs and low F 1 onset frequencies. Low F 1 onset frequencies might bias listeners toward hearing voiced stops, causing them to require longer VOTs before shifting to voiceless responses. The analogous effect on TOT boundaries might have occurred because subjects heard the TOT stimuli used in experiment 1 as speechlike.
Since an analog oftheF 19nset frequency effect was not found in experiment 3, this explanation would require that the stimuli with frequency sweeps in the lower tone sound more speechlike than the stimuli with transitionless F 1 analogs. Descriptions of the stimuli provided by the subjects gave no indication that they heard either set of stimuli as speechlike. However, this does not rule out the possibility that the stimuli with frequency sweeps in the low tone produced a "phonetic processing" effect that was below the level of conscious awareness. A paired-comparison listening task provided a preliminary test of this possibility. Fifteen subjects were presented with pairs of stimuli consisting of one token from experiment 1 {withfl transitions) and one token from experiment 3 (without f 1 transitions). The stimuli in each pair were matched for tone onset time but were combined in all other ways. Subjects were asked to judge which of the stimuli sounded more like a speech sound. Subjects chose the stimulus with frequency movement in the lower sinuscid on 68% of the trials. It should be noted, however, that nearly all of the subjects remarked that they felt that their judgments were arbitrary and that none of the stimuli sounded particularly speechlike. Further, although this preference for stimuli withf I transitions is statistically significant, it is not as large as one might expect given the very substantial differences in the way subjects behaved on the labeling tasks with these two sets of stimuli. Additional experiments are underway to study this problem in greater detail.
One final point should be made regarding the general strategy and limitations of experiments comparing the perception of a speech contrast with the perception of nonspeech analogs of that contrast. When experiments of this type find that speech and nonspeech stimuli behave in different ways, there is a temptation to implicate a strong role for phonetic knowledge or other speech-specific processes. Convetsely, there is a temptation to conclude that the phenomenon under study has no straightforward auditory basis. However, a frequently overlooked alternative is that some critical attribute of the speech contrast was not faithfully modeled in the nonsix,oh analogs. The problem, of course, is that improving the physical match between the speech stimulus and its analog often results in a stimulus that is
•.asily heard as speech. This obviously creates the possibility of engaging perceptual and cognitive mechanisms that are ordinarily reserved for six,oh recognition. Given this inherent limitation of experiments with nonspeech analogs, studies using nonhuman listeners become especially interesting. For example, Kuhl and Miller (1978} used a shock-avoidance procedure to train chinchillas to respond differently to the 0-and 80-ms endpoints of a synthetic/da/-/ta/continuum. On subsequent generalization trials, the animals were exposed to stimuli with intervening VOTs and to stimuli at all three places of articulation. Category boundaries were very similar to those produced by adult English-speaking subjects. Of particular interest to the present discussion, category boundaries for the chinchillas shifted to longer VOTs as place of articulation changed from labial to alveolar to velar. This place-dependent shift in VOT boundaries for the Abramson _and Lisker (1970} stimuli is quite consistent in human listeners and seems to be related, in part at least, to differences in the contour of the first formant (for further discussion of place effects on VOT boundaries, see Kuhl and Miller, 1978; Summerfield, 1982; Miller, 1977 
